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Summary 
A series of computations has been made to produce the 

equilibrium temperature and gas composition for natural 
gas fuel and dry air. The computed tables and figures 
provide combustion gas property data for pressures from 
0.5 to 50 atmospheres and equivalence ratios from 0 to 
2.0. Only sample tables and figures are provided in this 
report. The complete set of tables and figures is provided 
on four microfiche films supplied with this report. 

listed data from combustion of ASTM Jet A and dry air 
(ref. 10). 

This report presents tables and figures for the 
combustion gas properties of natural gas fuel and dry air 
for pressures from 0.5 to 50 atmospheres, inlet-air 
temperatures from 250 to 1150 K, and equivalence ratios 
from 0 to 2 .  Only sample tables and figures are provided 
in this report. The complete set of tables and figures is 
provided on the four microfiche films supplied with this 
report. 

Introduction Procedure 
A series of computations was made t o  determine the 

equiiibrium propertics uf coiiibutiofi gas p i d u c t s  
resulting from the combustion of natural gas fuel and dry 
air. During combustion research it is important that the 
properties of combustion gases be readily available and in 
a form that is convenient and useful to the designer and 
researcher. 

In the past, the combustion gas properties of gas 
turbine fuels as well as a variety of other hydrocarbon 
fuels have been computed and reported (refs. 1 to  5 ) .  
These reports have been used extensively at NASA and 
throughout industry. The computational schemes that 
have been developed over the years by Huff, Gordon, 
Zeleznik, and McBride (refs. 6 to 8) form the basis for 
these reports and have been used to compute combustion 
gas properties for a wide spectrum of fuel and oxidant 
combinations. Often, however, the tables and charts have 
not been prepared for specific fuels. For example, the 
data of reference 5 are in a tabular form for hydrogen- 
carbon (H/C) ratios of 1.7, 2.0, and 2.1 for a range of 
assigned pressures, temperatures, and fuel-air mixtures. 
The data in this report also include combustion 
thermodynamic properties for a range of inlet-air 
temperatures, but the data herein are plotted to facilitate 
their use. The resulting figures have proven to be 
extremely useful in combustion research, and copies of 
such figures have been prepared for a wide variety of 
fuels. Because of the numerous requests for these figures 
as well as the interest in high pressure combustion 
research (ref. 9), we have decided to  prepare a new series 
of figures and tables and extend the applicable range of 
the parameters covered. The first report of this series 

The computations for this report were performed using 
:he NASA Lei?,is zhemira! eqi_!i!ibriiim computer 
program documented in reference 8 by Gordon and 
McBride. The computational method uses a free energy 
minimization method assuming all gases are ideal and 
interaction among phases can be neglected. The possible 
products of reaction are Ar, C (graphite), CH4, CO, 
CO2, H ,  HO2, H2, H20(l), H20, N H3, N, NO, N02, N2, 
0, OH, and 02 .  These data, the atomic weights, and 
physical constants are the same as those used in reference 
5.  

The computations presented in this report were made 
for natural gas and dry air. The molecular hydrogen- 
carbon ratio of 3.9 and lower heat of combustion of 
48 813 x 103 J/kg used are nominal values obtained from 
the analysis of several samples of natural gas. The actual 
weight percent of the (1) various hydrocarbons, (2)  Nz, 
(3)  02,  and (4) C02 components of a natural gas that 
were used in the computations are listed at the beginning 
of table I(a). 

Charts of various useful combustion gas properties 
were also generated and plotted using computer 
programs. In the past, these figures had to be generated 
by crossplotting values from the tables. It was possible to 
avoid the manual crossplotting of tabular data by having 
the computer calculate the desired values for a given set 
of input parameters. For example, the plots in figure 1 are 
of equilibrium combustion temperature generated over a 
range of inlet-air temperatures, pressures, and fuel-air 
ratios. This was done by selecting the final equilibrium 
combustion temperature, assigning a pressure and fuel- 
air ratio, and then computing, in an iterative manner, the 



required value of inlet-air temperature. These computed 
values were then stored as a data set and figures were 
produced by the computer. In regions where the results 
became highly nonlinear, additional computations were 
performed in order to present the computed results with 
the same level of accuracy. A careful examination of 
these regions shows that the curve fit consists of very 
short linear segments. In a similar fashion, an 
appropriate iterative procedure was used to produce the 
other combustion gas property figures. 

Results 
The computation procedure was used to produce the 

tables and the figures that are presented with this report. 
The major portion of the information is included on the 
four microfiche films enclosed at the back of this report. 
Only sample tables and figures are shown and discussed 
within the report. 

Tabular Listing 

The computations are listed i n  tabular form on the 
microfiche. Table I(a) (designated as table 1 on the 
microfiche) is a copy of a typical listing of the 
combustion gas properties and species. Included i n  each 
table are the following: 

( I )  The case number and description o f  reactants, the 
oxidant-fuel weight ratio (O/F), the fuel-air weight ratio 
(F/A), the percent fuel, and the equivalence ratio, p, 
which is the ratio of the F/A value to the stoichiometric 
F/A value, are included. The variation or change i n  case 
number has been used to specify a different inlet-air 
temperature; e.g., case 85 (shown) is 250 K; case 87 is 600 
K; case 91 is 1150 K .  

(2) Combustion gas properties: 
(a) Equilibrium temperature, T,  K and "F 
(b) Density, p ,  g/cc 
(c) Molecular weight, M 
(d) Specific heat (at constant pressure), Cp, 

(e) Isentropic exponent, y(s)  (as defined i n  

( f )  Sonic velocity, m/sec 

cal/g-K 

ref. 8) 

(3) Mole fractions of the various combustion gas 
species are given when the concentration is equal to or 
greater than 5 parts per million by volume (ppm). 

The listing at the beginning of table I(a) is the input 
infortnation on t h e  fuel and oxidant. Listed are, from left 
to right, the fuel and oxidant atomic formulas, the weight 
fraction of each component , the heats of formation, and 
the inlet tcniperaliirc (fuel w a s  introduced at 298 K and 
air for case 85 is 250 K ) .  This is a typical input listing used 
by Gordon i n  reference 5. Table [(a) lists the gas 

properties and species concentrations for 1820 different 
combinations of parametric conditions. The parameters 
and values used are as follows: 

( I )  Combustion pressure, atm: 0.5, 1,  1.5, 2, 3, 4, 6, 

(2) Inlet air temperature, K: 250, 400, 600, 800, 1000, 
10, 15, 20, 30, 40, 50 

1100, 1150 (case numbers 85 through 91, 
respectively) 

0.7, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.10, 1.15, 1.2, 
1.4, 1.6, 1.8, 2.0 

Information contained in table I(a) has been used to 
generate figures 1, 2, 3, and 6. 

Table I(b) (designated as table I 1  on the microfiche) 
lists the combustion gas properties for different 
combinations of parametric conditions. These tables 
were computed by assigning pressure, temperature, and 
fuel-air ratio and then performing iterative calculations 
to obtain equilibrium composition and properties. The 
parameters used are the following: 

(1)  Pressure, atm: 0.5 to 50 (in steps as indicated 

(2) Temperature, K: 300 to 2800 in 100 K increments 
(3) Fuel-air ratio (weight): 0.000 to 0.100 i n  increnictits 

Information contained i n  table I(b) has been used to 
generate figures 4 and 5. 

Additional computations, not listed in  table I(a) o r  
I(b), were performed to obtain a more accurate 
presentation of the nonlinear portions of the curves. 

(3) Equivalence ratio, p: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

previous I y ) 

of 0.010 

Graphical Presentations 

Some typical figures have been included to illiistrate 
the nature of the figures available on the included 
microfiche. Table 11 is a listing of the parameter 
variations and the range of computed gas properties for 
each of the six figures presented herein. Figure 1 gives 
computed values showing the effect of varying the inlet- 
air temperature, fuel-air ratio, and combustion pressure 
on equilibrium gas temperature. This figure covers 
pressures from 4 to 50 atmospheres. Figures at lower 
pressures, 0.5 to 4 atmospheres, are available on the 
microfiche. 

Figure 2 is similar to figure I except that the 
equilibrium temperature is plotted as a function o f  fuel- 
air ratio for various values of inlet-air temperature at a 
single specified level of combustion pressure; i n  this casc, 
I atmosphere. 

Figure 3 is similar to figure 2 except that temperature 
rise values are plotted versus fuel-air ratio for a range o f  
inlet-air temperatures, again at the 1 -atmosphere pressure 
level. Curves at other pressure levels are to be found on 
the microfiche. 

Figure 4 presents the variation in the isentropic 
exponent y (ref'. 8) as a function of the mixture 



temperature for various values of fuel-air ratio at single 
values of combustion pressure; again, at the 
1-atmosphere pressure level. For the purposes of this 
report, mixture temperature and equilibrium temperature 
may be used interchangeably. 

Figure 5 presents the variation in mixture molecular 
weight as a function of mixture temperature for various 
fuel-air ratios at specified levels of combustion pressure. 

Figure 6 presents the relationship between the 
computed equilibrium temperature as a function of the 
initial temperature for various values of the equivalence 
ratio (p) at specified pressure levels. 

Summary of Results 
Advanced computational schemes have been used to  

produce a series of tables and figures specifically for the 
combustion properties of natural gas fuel and dry air. 
Complete tabular listings and graphical representations 
are provided on the four enclosed microfiche. 

i e w i b  Reseaish Cciiici 
National Aeronautics and Space Administration 
Cleveland, Ohio, January 31, 1985 
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